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• Charged current processes are signal channels for oscillation experiments!
• Due to nuclear effects combined with cross section, the signal channel and 

neutrino energy measured in detectors are not  necessarily the same as the 
initial interaction!
!
!
!
!
!

• A pattern of neutrino oscillation is analyzed based on distributions of detected 
particles and it is crucial to have a reliable MC generator to read this pattern 
correctly!

• Recent experimental data is not well described by current models!
• Understanding the neutrino interactions with nuclei is vital for precision 

oscillation measurements

Introduction
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• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

• In both cases we count events induced by given type of neutrinos

• Main channel: Quasi-Elastic scattering

• Important background: Pion production
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Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Neutrino QE Scattering and Pion Production 
Motivation

3

T2K NOvA

LBNE

Pion absorption: particles 
can interact with nucleons before 
exiting the nucleus due to final 
state interactions 
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CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state
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nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state

Pion Absorption: Due to final state!
interactions particles can interact with!
nucleons before exiting the nucleus

CC Quasi-Elastic CC Resonance



Minerba Betancourt I The MINERvA Experiment 02/05/15

How different levels of systematic uncertainties impact the CP violation!
in ELBNF
• CP violation sensitivities as a function of exposure !
!
!
!
!
!
!
!
!
!
!
!
!
!

• Oscillation experiments see differences between near detector data and MC generators well 
above the systematic errors assumed here!

• Systematic uncertainties are important for the CP violation measurement

3

An Experimental Program in Neutrinos, Nucleon Decay and Astroparticle Physics Enabled by the Fermilab Long-Baseline Neutrino Facility 

Systematic Uncertainty in ELBNF 

WINP, 4 February 2015 ETW: What is needed for LBNF? 

12 

!  Effect of systematics approximated using signal 
and background normalization uncertainties 
which are treated as uncorrelated among the 
modes (νe, νe, νµ, νµ) and represent the residual 
uncertainty expected after constraints from the 
near detector and the four-sample fit are 
applied 
!  Actual experimental sensitivity to systematic 

uncertainty will depend on details of the neutrino 
beam and detector performance and will include 
both normalization and shape uncertainty 

!  Example shown here illustrates that control of 
normalization uncertainty at the few % level will 
be needed for discovery of CP violation at the 5σ 
level 

!  Current ELBNF efforts focus on evaluating ability 
of ND and FD samples to constrain  individual 
sources of uncertainty – sets requirements for 
detector performance & external constraints 

https://indico.fnal.gov/getFile.py/access?resId=0&materialId=0&confId=9214
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• Fine-grained scintillator surrounded by calorimeters

Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment

5

17 mm

16.7 mm

3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized
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Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

MINERvA Experiment

4

Flux Estimate: GEANT Simulation

8

✤ Flux simulation starts with a GEANT4 simulation 
of the NuMI beam line (G4NuMI)!

✤ Uses same geometry as other NuMI 
experiments, but differs in that we simulate 
protons on the target with GEANT4, not 
Fluka!

✤ We currently use GEANT version 4.9.2p03 
with the FTFP_BERT hadronic physics list

210 m

Running with the medium energy spectrum

Module number
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• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 
differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam

MINER‹A discriminates between nuclear models via lepton kinematics
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Charged Current Quasi-Elastic Scattering

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only
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• MINERvA’s pion production measurements:!
• Coherent cross section for neutrinos and antineutrinos !
• Differential cross section for neutrino single                                                                                                                                                        

production and antineutrino single      production!
!
!
!
!
!
!
!
!
!
!
!
• MINERvA pion kinematics show broad agreement with final state simulations in shape and 

disagreement in absolute measurement!
• These are initial measurements for pion production!
• More to come with the high statistics from medium energy  !
!
!

AntiNeutrino CC single     production

43Trung Le – FNAL JETP - January 09, 2015

Comparison with other generators
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Model Comparisons

NuWro, Neut*, and GENIE all predict the data shape well 
Data insensitive to the differences in pion absorption shape between GENIE, NuWro and 
Neut 
Athar**, the sole theoretical calculation, does not agree with data. Likely due to an insufficient FSI model

*Y. Hayato NEUT, Acta Phys. Pol. B40:2477 (2009) 
**M. S. Athar, S Chauhan and S.K Singh Eur. Phys.J., A43 (2010) 

Pion  Production

6

Neutrino CC single     production

⇡+

⇡0⇡+

⇡0

arXiv:1406.6415

Phys. Rev. Lett. 113, !
261802 (2014)

calculation of this process at our energies. An inclusive

calculation of ν
ð−Þ

p → μ#π∓p based on πA elastic scattering
data and the Adler relation [1,49], shows a modest low jtj
enhancement not seen in GENIE that falls exponentially with
jtj. This difference does not identify diffractive events but
instead includes all low jtj enhancements in scattering from
protons that might be in this calculation. Moreover, most
events with jtj > 0.05 GeV2 would not pass our vertex
energy requirement because of the recoiling proton’s
ionization. We estimate the acceptance of these low jtj
events to be ≈20% of the acceptance for coherent events on
carbon. On the basis of this low jtj enhancement and our
acceptance, the event rate in our data would be equivalent
to 7%(4%) of the GENIE prediction for the coherent cross
section on 12C for neutrinos(antineutrinos). We do not
correct our result for this possible enhancement.
We measure flux-averaged cross sections of

½3.49# 0.11ðstatÞ # 0.37ðfluxÞ # 0.20ðother sys:Þ%× 10−39

and ð2.65# 0.15ðstatÞ # 0.31ðfluxÞ # 0.30ðother sys:ÞÞ×
10−39 cm2 per 12C nucleus in the neutrino and antineutrino
beams, respectively. The fluxes of neutrinos
and antineutrinos in this analysis are given in the
Supplemental Material [50]. In cross sections as a function
of Eν, Eπ , and θπ , the effect of detector resolution is
accounted for by using iterative Bayesian unfolding
[51,52]. Figure 3 shows the measured cross sections as a
function of Eν compared with previous measurements for
Eν < 20 GeV and with the NEUT [6] and GENIE [5,53]
implementations of Rein and Sehgal [4] with lepton mass
corrections [12].
The main sources of systematic uncertainty on the cross

sections are the flux, the background interaction model,
pion interactions in the detector, muon reconstruction,
muon and hadron energy scale, vertex energy, and the
model used in the sideband constraint for the background.
These systematic uncertainties are shown in Table II. The
uncertainty of hadron interactions in the detector as
predicted by GEANT4 on tracking and energy measurements
is evaluated by varying the pion and proton total inelastic
cross sections by #10% and the neutron mean free path
as a function of kinematic energy by 10–25% to span
differences between GEANT4 and hadron scattering data
[58–69].
For muons reconstructed by range in MINOS, the muon

energy scale uncertainty is dominated by energy loss
uncertainties, and we compared range and curvature
measurements to evaluate uncertainties on the
reconstruction of muons by curvature in the MINOS
magnetic field. Uncertainties in the hadron energy
reconstruction result from uncertainties in the energy scale
set by muon energy deposition, material composition and
dimensions, saturation of ionization in the scintillator, and
photosensor cross talk and nonlinearity. Comparisons with
the test beam [36] limit the energy scale uncertainty for
pions (protons) to 5% (3%). The target mass is uncertain
to 1.4%.

TABLE I. Scale factors and their statistical uncertainties de-
termined for different background sources, grouped by hadronic
invariant mass W from the high jtj sidebands.

Source of background νμ ν̄μ

Charged current quasielastic 0.7# 0.3 1 (fixed)
Nonquasielastic, W < 1.4 GeV 0.6# 0.3 0.7# 0.1
1.4 < W < 2.0 GeV 0.7# 0.1 0.6# 0.1
W > 2.0 GeV 1.1# 0.1 1.9# 0.3
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FIG. 3 (color online). σðEνÞ for neutrino (left) and antineutrino
(right) coherent π# production. The inner error bars in the cross
section represent statistical uncertainties, and the outer error bars
represent the total uncertainties; the cross section is tabulated in
the Supplemental Material [50]. Results from other measure-
ments [23,24,28,54–57] are scaled to carbon using the predicted
A1=3 dependence of the Rein-Sehgal model [4].

 (GeV)πReconstructed E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

E
ve

nt
s 

/ 0
.2

50
 G

eV

0

0.2

0.4

0.6

0.8

1

1.2

1.4

310×
DATA
COH
QE
RES W<1.4
1.4<W<2.0
W> 2.0
Other

 + A+π + -µ→ + A µν

Untuned Background

 (GeV)πReconstructed E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

E
ve

nt
s 

/ 0
.2

50
 G

eV

0

50

100

150

200

250

300

350

400

450
DATA
COH
QE
RES W<1.4
1.4<W<2.0
W> 2.0
Other

 + A-π + +µ→ + A µν

Untuned Background

2 (GeV/c)2)πReconstructed t  = (q-p
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
E

ve
nt

s 
/ 0

.0
25

 (G
eV

/c
)

0

0.2

0.4

0.6

0.8

1

310×
DATA
COH
QE
RES W<1.4
1.4<W<2.0
W> 2.0
Other

All Background Tuned

 + A+π + -µ→ + A µν

2 (GeV/c)2)πReconstructed t  = (q-p
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
E

ve
nt

s 
/ 0

.0
25

 (G
eV

/c
)

0

100

200

300

400

500

600

700 DATA
COH
QE
RES W<1.4
1.4<W<2.0
W> 2.0
Other

All Background Tuned

 + A-π + +µ→ + A µν

FIG. 2. (Top) pion energy distribution for events in the
0.2 < jtj < 0.6 ðGeV=cÞ2 sideband, νμ (left) and ν̄μ (right) beams
and (bottom) reconstructed jtj after background tuning using the
sideband. The signal distribution in jtj peaks near zero with its
shape dominated by detector resolution.

PRL 113, 261802 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 DECEMBER 2014

261802-4

Trung Le/Fermilab Wine and Cheese



Minerba Betancourt I The MINERvA Experiment 02/05/15

• MINERvA is open to any request from oscillation experiments!
• Collaboration with T2K experiment, we provide constrains for CCQE !

• Neutrino elastic scattering on electron is used to constrain the flux, analysis is now 
complete in the low energy beam. This method can be used for NOvA and LBNE!

• Underway:!
-       CCQE cross sections at 3GeV results in March!
- Analysis of the       scattering with the medium energy!
- Ongoing work to reduce the flux uncertainty using                                                                   

the MIPP data and other techniques!
- Low     method using the charged-current                                                                            

scattering with low hadronic recoil energy!
• Comparison of MINERvA data with JLab data to determine any differences 

between     +A scattering and e-+A scattering !
• MINERvA collaborators working on Event Generators (GENIE, NuWro) to improve 

the simulations

Synergies with other Experiments and Event Generators

7

⌫ ⌫µ

✤ Neutrino elastic scattering on electrons is a standard candle that can be used to constrain flux:!

Flux Estimate: ν-e Scattering Constraint 
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Very forward single electron final state 

✤ Standard electroweak theory predicts it precisely!

✤ Experimental signature is a very forward single electron 
in the final state!

✤ Good angular resolution is important to isolate signal!

� =
N

✏A�

✤ Drawback: very small 
cross section (~1/2000 
times the neutrino-
nucleus cross section) 
limits statistics!
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MINER‹A passive target data shows consistency with model in E‹ but
not x
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 New Construction and Upgrades

• CAPTAIN-MINERvA proposal!
- High statistics measurements of neutrino interactions on argon in the medium 

energy range, unique results that will help to constrain models before LBNE!
!
!
!
!

 !
!

• Upgrades of the analyses from low energy to the medium energy!
- Medium energy provides excellent statistics for nuclear ratios:  pion production, 

CCQE, and DIS !
- High statistics ready to be analyzed, a lot of opportunities for people wanting to 

join the Collaboration!
• MINERvA needs antineutrino data to extract structure functions and measure 

partonic nuclear effects

8

– Low energy ratios of inclusive cross section as a !
function of Bjorken x have disagreements with GENIE!
– Ratios of the DIS cross section analysis in low                                                                                                                                

energy is underway (results this year)

 Phys. Rev. Lett. 112, 231801 (2014)
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Summary

• MINERvA will help to improve the nuclear model in event generators using 
data !

• Results will directly contribute to reducing systematics associated with 
measuring CP violation and the mass hierarchy!

• Several results will be released this year from low energy data!
• Electron neutrino CCQE cross section, muon neutrino CCQE double 

differential cross sections, Kaon cross section!
• Starting to analyze the medium energy data (higher statistics, different 

energy spectrum)

9
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Back Slides
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CAPTAIN-MINERvA

• Proposal: Install the CAPTAIN detector in MINERvA to study neutrino-argon 
interactions in the medium energy NuMI beam!

• Goals: Neutrino-argon cross sections, event reconstruction, and particle 
identification in the energy range relevant for ELBNF!
• NuMI’s medium energy beam covers the 1st oscillation maximum for ELBNF at a 

baseline of 1300 km!
• Availability of the CAPTAIN detector - earliest date CAPTAIN could be moved to 

Fermilab is 2016!
• Data collection should begin by 2018 at the latest to ensure there will be enough 

participation from MINERvA collaborations for the project to be feasible

11
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Flux

• Flux estimate

12

Flux Estimate:  Uncertainties

18

✤ Flux uncertainties on GEANT simulation with external data constraints:!

Errors due to beam focusing are 
taken from a MINOS study

MINERvA is currently conducting a cross 
check of focusing uncertainties.
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Minerba Betancourt/Moriond QCD 2014

Neutrino Production (NuMI beamline)

• 120 GeV protons from the Fermilab Main Injector hit a 1m graphite target, producing pions and kaons

• Target and second magnetic horn can be moved relative to the first horn to produce different energy 

spectrum, MINERvA used low energy beam
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